In this study, we present the results and implications of an experimental study into the effect of gold-ion implantation on the actuation performance of ionic-type conducting polymer actuators, represented here by cantilevered tri-layer polypyrrole (PPy) actuators. We implant gold ions beneath the outer surfaces of PPy-based conducting polymer layers of the actuators in order to increase the conductivity of these layers, and therefore improve the overall conductivity of the actuators. A Filtered Vacuum Cathode Arc (FVCA) ion source was used to implant gold particles into the conducting polymer layers. Electrode resistance and capacitance, surface resistance, current response, mechanical work output of the actuator samples were measured and/or calculated for the actuator samples with and without gold implantation in order to demonstrate the effect of the gold-implantation. The current passing through the conducting polymer electrodes during their 'electrochemomechanical' actuation was measured to determine the charging time constant of the actuators. The mechanical displacement output of the actuators was recorded. The results demonstrate that the conductivity of the actuators increases noticeably, which has a flow on effect on the current response (i.e., charge injected into the polymer layers) and the mechanical work output. While the gold implanted actuators had a higher mechanical stiffness therefore a smaller displacement output, their time constant is smaller, indicating a higher response speed. The gold-implanted actuators generated a 15% higher mechanical work output despite the adverse effects on the polymer of the vacuum processing needed for the ion implantation.
Introduction
Electroactive polymers actuators are commonly referred to as artificial muscles [1] in view of their remarkable muscle-like properties: high flexibility, high strain and high energy density. Unlike other ionic-type conducting polymer actuators which can only operate in a liquid electrolyte, the ionic-type conducting polymer actuators considered in this study can operate in air and liquids using a very low electrical power (1 V, 15-20 mA) with a high speed (∼400 Hz, depending on their size). When they are miniaturized further to micro-scale, becoming MEMS and bioMEMS devices, they can be suitable to applications ranging from biotechnology to micro-robots, especially in the field of life sciences.
Ionic-type conducting polymer actuators consist of at least one conductive polymer layer and an electrolyte reservoir, discussed in more detail in Section 2. Fig. 1 is an example of tri-layer structure consisting of polymer-electrolyte-containing substrate-polymer. When an electrical potential is applied between the polymers on both sides of the actuator, an electrochemical reaction occurs; the polymer layers are electrochemically charged (doped) and discharged (undoped) through the exchange of charge-balancing ions between the polymer layers and the electrolyte stored in a passive substrate, in our case polyvinylidene fluoride (PVDF). This electrochemical reaction causes a volume change in the polymer layers, leading to swelling and contraction. The volume change is easily controlled by the electrical potential. The rate and magnitude of the flow of charges in or out of the polymer layers depends on: the electrical conductivity of electroactive polymer layers, the ionic conductivity of the electrolyte, the diffusion time of ions in the polymer layers, the porosity and geometry of the polymer layers, and applied potential difference. The fundamental (or charging) time constant of these actuators depends on their total resistance and capacitance (RC). The lower the total resistance, the faster the actuation process. Further, it is known that there is a direct relation between the charging rate and the actuation strain or mechanical displacement generated [7] . With this in mind, it is the aim of this study to increase the electrical conductivity of the electroactive polymer layers by implanting gold ions a few tens of nm beneath the outer surface of the polymer layers, which are electrically contacted by a pair of metal electrodes covering a small fraction of the polymer (see Fig. 1 ). As widely reported in the literature [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , if the conductivity of the contacts and the polymer is very good, there will be a small ohmic potential drop along the actuator length, and the charging rate will be high, which generate higher strains. The higher is the strain, the higher is the tip displacement of the actuators. The function of these additional layer of gold is to increase the conductivity of the polymer electrodes, and thus to also minimize the ohmic (IR) potential drop along the actuator length.
As reported recently [16] , the Cl 2 and SF 6 plasma treatment of the ionic-polymer metallic composite (IPMC) actuators has improved the actuation performance of this class of actuator including operational life, bending displacement, and blocking force. This improvement is due to an increase in the surface conductivity. The higher is the conductivity of the surface, the higher is the bending displacement of the actuators. IPMC consist of an ionic polymer sandwiched between two compliant electrodes. The ionic polymer (cell separator) Nafion is plasma coated in order to increase the penetration of the platinum particles in order to create an electrode coating into the Nafion layer. With the platinum nanoparticles with a thickness of 50-70 nm, the surface conductivity and capacitance of the IPMC actuators are increased by 20 times and 2 times, respectively, compared to an actuator sample without any plasma treatment. In another relevant study, Punning et al. [17] reported on their experimental study on the surface resistance of IPMC actuators and sensors. They conclude that (i) the surface resistance changes with the radius of curvature of the actuators and (ii) there is a discernable difference between the resistance of the compressing surface and expanding surface of the cantilevered IPMC actuators. Because the IPMC actuators have two metallic electrodes through which they are electrically actuated, there is a wide literature on improving the electrical characteristics of the metallic electrodes and their implications for the actuation performance [16] [17] [18] [19] . But, the actuators considered in this study have nonmetallic, but inherently conducting polymers as electrodes whose conductivity has a significant effect on their actuation performance. Therefore, improving the conductivity of these electrodes through a permanent layer of a conductor such as implanted gold particles is a significant research problem. Previous attempts to deposit a conducting metallic layer on the surface of conducting polymers films (which were used as linear actuators in an aqueous electrolyte) were not successful due to the poor binding (no interpenetration between the gold and the polymer layers) between the polymer surface and the thin film coatings [20] [21] [22] or excessive stiffening.
In this study, we employ a low-energy (5 keV) metal ion implantation technique based on a pulsed vacuum arc plasma source to increase the conductivity of the polymer electrodes, and therefore enhance the actuation of performance of this class of electroactive polymer actuators. This ion-implantation technique has been employed before to make compliant gold electrodes in dielectric elastomer actuators [2, 27] and stretchable electrodes [25] by creating a 20 nm thick gold-silicon nanocomposite [6, 26] . For the first time, we employ this technique to increase the conductivity of the ionic-type conducting polymer actuators, hence to enhance their actuation ability, which depends on the polymer conductivity. We compare the experimental and numerical results from bare actuator samples and from gold-implanted samples to demonstrate the efficacy of the gold implantation in increasing their performance. Electrode resistance, electrode capacitance, surface resistance, current response, time constant, electrical power energy consumption and mechanical work output of the actuator samples were measured and/or calculated. The contribution of this study is to present the results on the effect of gold implantation on the actuation performance. To the best of the authors' knowledge, this is the first study focusing on the influence of the metal ions injected into the conducting polymer layers of tri-layer conducting polymer actuators on their actuation ability.
Background on synthesis and operation of electroactive polymer actuators
Polymers based on pyrrole, thiophene or aniline, which are known as electroactive materials, have been extensively studied to use them as actuators with new functionality and performance [13] [14] [15] . Electroactive polymer actuators are classified as internal and external actuators, depending on their electrolyte storage method. For internal actuators there is a passive layer, which stores the electrolyte. For external actuators the electrolyte is stored in an outer cell and the polymer actuator must be partially or fully immersed in the electrolyte. The actuators considered in this study are internal-type conducting polymer actuators.
Polymer actuators used in this study have a multi-layer structure. A full account of the actuator synthesis procedure is presented in [11] [12] [13] . The multi-layer actuator structure shows a simple bending motion like a bilayer cantilever beam, as depicted in Fig. 1 . Of these layers, the gold-coated PVDF in the centre with a thickness of 110 m is a non-conductive porous membrane used as an electrochemical cell separator, and it also stores the electrolyte (LiTFSI + solvent), facilitating the operation of such conducting polymer actuators in air. The gold layer on each side of the PVDF has approximately 10 nm thickness. Polypyrrole (PPy) layers, with a thickness of 30 m, are electroactive components used as electrodes [14] . The total thickness of the actuators is approximately 170 m.
With the electrolyte stored in the PVDF layer, the multi-layer structure forms an electrochemical cell. When a potential difference or current is passed between the PPy layers via the electrical contacts, the whole structure is charged like a capacitor. To maintain charge neutrality within the PPy layers, TFSI − anions move from the electrolyte in the middle layer into the positively charged polymer (PPy) electrode and hence cause a volume expansion. At the same time, in the positive electrode/anode, the anions (TFSI − ) leave the negatively charged electrode as reduction of the PPy From [26] .
causes it to become uncharged and a volume contraction occurs. The overall result is that the cantilevered structure will bend towards the negative electrode/cathode, as depicted in Fig. 1 . The volume change primarily happens due to the movement of the charge balancing anions in and out of the polymer layers, and perhaps some solvent molecules move inside the polymer layers, due to osmotic effects, to balance the ionic concentration. It is the out of scope of this paper to provide a detailed performance characterization of the actuators. The reader is referred to our [11] [12] [13] [14] [15] and other group's [3-7,23] previous work.
Low energy ion implantation
Ion implantation is commonly used to inject dopants into semiconductors such as silicon in order to modify their electrical properties. The electrical, mechanical, chemical and structural properties of other substrates such as polymers can be significantly changed by the ions inserted beneath their surface. The penetration depth of metallic ions depends on the ion implantation parameters such as the angle of incidence, type of ions, the energy of the ions, and the composition of the target. The higher is the incoming energy of ions, the higher is the penetration depth of the ions into the target of a polymer such as PDMS, as shown for several energies in [26] . Low energies in the range of 50 eV and 5 keV were used to implant gold ions in the first 50 nm of the PDMS layer in order to make compliant electrodes for dielectric elastomer actuators [2, 25] . These gold-implanted electrodes can be stretched to strains of up to 175% while remaining conductive, and, crucially for polymer actuation applications, the implanted electrodes are much less stiff than if the same amount of metal had been sputtered as a continuous film on the polymer. This is due to the resulting microstructure, forming 2-30 nm diameter gold nanoparticle up to 100 nm below the surface of the polymer, allowing conduction by ohmic contact between nanoparticles that are free to move with respect to each other [26] .
The implantation technique used here, which is known as filtered cathodic vacuum arc (FCVA), is a plasma based implantation technique. The details of this ion-implantation technique are presented in [2, [25] [26] [27] . Its schematic diagram and a photograph during one pulse are depicted in Fig. 2 [26] . It is important to note that in the FCVA implantation technique, the energy of the ions varies within each pulse, the first ions seeing the full potential drop of 2.5 kV, while the final ions have energy on the order of 50 eV.
Experimental setup
The experimental setup is to measure the electrochemical behaviour of the actuators consisting of a potentiostat/galvanostat (EG&G Princeton Applied Research Model 273A), eDAQ e-Corder datalogger unit, and a wave generator connected to the potentiostat unit. The supplied voltage and associated current are recorded by the eDAQ unit interface with a personal computer. The schematic diagram of this experimental setup is shown in Fig. 3 . Autolab PGSTAT12 Potentiostat/Galvanostat equipped with a General Purpose Electrochemical System (GPES) software was employed to form a two electrode cyclic voltammetry (CV) in order to generate CV scans.
The electrode resistance and capacitance of the actuators in different states (normal state, completely dry after gold implantation, and re-wetted with the electrolyte) were measured using an LCR meter (Agilent E4980A Precision LCR Meter) connected with a tweezers like test fixture (Agilent 16334A). The actuator samples were sandwiched in the fixture. The electrode capacitance and resistance were measured using a parallel equivalent circuit mode [24] . The surface resistance of the actuators in different states was measured by a two probe method (the actuators' surface area was too small for the four-probe method) using a digital multi-meter (Keithley 2000 Multimeter).
Experimental results and discussion
An environmental scanning electron microscope (XL30, ESEM-FEG, Philips) was used to generate the secondary electron (SE) images and the backscattered electron (BSE) images of the cross sections of the actuators. The SE and BSE images of a gold implanted actuator sample (Sample 5) are shown in Fig. 4 . The images were taken after all experiments were conducted.
When the actuators were implanted with gold ions, a 200 m wide strip on every side was masked off to prevent any shortcircuits from one side to the other through the edges of actuator. The top view of an actuator sample (Sample 1) under an optical microscope is shown in Fig. 5 , clearly showing the gold implanted area.
The surface resistance of actuator samples with different dimensions is given in Table 1 . These resistance data indicate that the gold-ion implanted samples show factor of 2-3 smaller surface resistance. It is this reduced surface resistance we propose to harness in order to improve the actuation ability of the conducting polymer actuators. The electrode resistance and capacitance of the same actuators were measured using the LCR meter and are provided in Table 2 . These results indicate that while the electrode resistance is decreasing, the electrode capacitance is increasing for the gold implanted samples. These data were measured under an AC voltage signal with amplitude of 1 V and frequency of 20 Hz (the minimum this LCR meter can provide). With reference to the surface resistance, and electrode resistance and capacitance measurements, the gold implantation increases the conductivity and the capacitance of the conducting polymer actuators.
One implication of increased capacitance is the increased blocking force or mechanical work output, which are limited for this class of polymer actuators. It was not possible to measure the blocking force, but to estimate the mechanical work output from measured displacement data of samples loaded with 212 mg at the actuator tips. The gold-implanted samples generated more mechanical work output, as presented in Section 5.4. The electrical power consumed by the actuators with and without gold implantation are calculated 
Please note that the electrolyte evaporates in the vacuum chamber of the ion implantation system. That is why the samples immediately after ion-implantation are termed 'dry', and these samples are then soaked in the electrolyte prior to testing.
Samples
Surface resistance ( /square) and presented in Table 3 . These results show that the power consumption is reduced for the gold implanted samples due to their improved conductivity.
Measurement of actuator time constant
To further demonstrate the effect of the gold ion implantation on the actuation ability of the actuators, the RC time constant of the actuator samples are identified from current versus time curves. The form of the current-time curve is similar to the charging curve of a capacitor. The time constant to be identified from the current curve indicates how fast the actuator is charged under a given potential difference. The current curve is described by:
where is the charging time (RC) constant of the actuator. It is the time corresponding to 36.8% of the peak current. Using this definition of the time constant in Fig. 6 , the time constant of the actuator samples under a range of step input voltages are estimated from the experimental current versus time curves, and are depicted in Table 3 . Typical current responses, for example, from Sample 5 with and without gold ion implantation are shown in Fig. 7 . The current flow during the electrochemical actuation is due to the charge taken off or placed in the primary chain of the polymer to have charge neutrality. As given in Table 3 , the time constants vary with the input voltage, though not significantly. This is expected as the oxidation level or the charge injection is input voltage-dependent. The goldimplanted samples have a smaller time constant, which indicates a higher response speed.
Effect of ion implantation conditions (i.e., vacuum) on current response
Samples 1-3 were prepared differently than samples 4 and 5. For Sample 1, Sample 2, Sample 3, Sample 3-New, each sample was tested under a range of input voltages (±0.1-0.8 V with steps of ±0.1 V and a period of 80 s), and was then gold-ion implanted in a vacuum chamber. That is to say, the actuator samples without gold implantation were not exposed to high vacuum, which causes the solvent from the electrolyte to evaporate. As presented in the next paragraph, the vacuum in the ion implantater leads to a 8-9% reduction of the actuator length. When the actuators exposed to the vacuum were re-soaked in the electrolyte, they recovered their initial dimensions. The surface resistance, electrode resistance, and electrode capacitance of actuators exposed to vacuum (completely dry) were measured to be on the order of 2500 , 4.0 G , and 70 fF, respectively. On the other hand, the actuator samples with gold implantation, still dry, have more favorable electrical properties, as given in Tables 1 and 2 .
To evaluate the effect of the vacuum on the time constant of the actuators, a new sample with the dimensions of 12 mm × 3.8 mm × 0.17 mm was tested before it was kept in the vacuum for the duration (∼20 min at 10 −5 mbar) used to implant gold in the actuator samples. Not only the time constant of the actuator was increased, but also the peak current was decreased, as shown in Table 4 , and in Fig. 8 . This experiment was repeated 4 times to minimize measurement errors.
Table 4
Electrochemical time constants and peak currents of an actuator sample exposed to a vacuum, and not exposed to the vacuum under step inputs with a period of 80 s. 
Effect of ion implantation on work output of actuators
To quantify the work output of the actuator samples, 4 cylindrical permanent magnets with the dimensions of 3 mm in diameter, 1 mm in thickness, and a total mass of 212 mg were attached to the tip of each actuator sample with or without gold implantation. The actuators movements were recorded with a digital camera to determine the vertical movement of the tip load. The images for the actuator samples are provided in Fig. 9 . The total work output W o is the sum of the elastic potential energy V e to bend the loaded cantilevered actuator from the start position to the final position, and the gravitational potential energy V g to lift the tip load from the start position to the final position under the given voltage input:
where ı i is the deflection of the actuator under the tip load when the actuators are inactivated. The mechanical stiffness constant of the actuators is calculated from Hooke's law-the tip load is simply divided by the tip deflection ı i under the tip load of four magnets. put difference between a gold implanted and no gold implanted samples.
This analysis of the experimental data for Samples 4 and 5 shows that the samples implanted with gold ions generate more mechanical work output than the same samples without gold implantation under the same potential difference. Further, with reference to the electrical power consumed by the gold implanted samples in Table 3 , this mechanical work output is generated with a lower electrical power. This follows that the gold ion implantation contributes to the efficiency of these actuators, which is well below 1%.
To further evaluate the effect of ion implantation conditions on the work output of the actuators, the work output of the actuator sample with the current response data presented in Table 4 is calculated under 0.8 V. From the top left image of Fig. 11 , ı i = 7 mm, and from the top right image ı f = 3 mm. The mechanical stiffness of this untreated (not exposed to the gold implantation condition) actuator sample is calculated as 0.297 N/m. The total work output is calculated from Eq. (2) as W o = 35.65 J. From the bottom left image of Fig. 11 , ı i = 6.76 mm, and from the right image ı f = 1.96 mm. Using these data, the mechanical stiffness of the same sample exposed to the gold implantation conditions is 0.3075 N/m. The total work output is calculated as W o = 29.83 J, which is 16.3% less than the work output of the untreated actuator sample. This follows that while the ion implantation enhances the work output of the actuators, it stiffens the devices, limiting actuation range for a given voltage.
The displacement responses of Sample 5 with and without gold implantation were generated under 0.5 V to evaluate the time constant of this electrochemomechanical response. They are shown in Fig. 12 that the gold implanted sample showed a faster response with a time constant of 1.58 s, compared to the time constant (2.20 s) of the bare Sample 5 without gold implantation. This also supports the conclusion that the gold implanted samples have a higher response speed compared to the actuators without gold implantation.
As stated above, the gold implantation increases the stiffness of the actuators. This can be quantified by calculating the flexural rigidity of the actuators, which is a function of the modulus of elasticity and the area moment of inertia. The area moment of inertia is calculated using the equivalent width approach, in which the widths of the layers with the higher modulus of elasticity are expanded to bring the whole structure into a single material of the lower modulus of elasticity [28] . To maintain the same flexural rigidity, the width of the layer with the higher modulus of elasticity is increased by n = E 2 /E 1 , E 2 > E 1 . It has been reported [29] that the moduli of elasticity of PPy and PVDF layers for the bare actuator used in this study are approximately 190 MPa and 117 MPa, respectively. This follows that n = E PPy /E PVDF = 1.624, and the width of the PPy layers, for example, in Sample 5, is increased by 'n' to 4.872 mm (the original width is 3 mm) for an actuator without any gold implantation. The new cross-section consisting of a single material PVDF is presented in Fig. 13 . Similarly, for the actuator (Sample 5) with the gold implantation,n = E Au /E PVDF = 675.214, where E Au = 79 GPa. The width of the implanted Au layers is increased by 'n' to 2025.6 mm (the original width is 3 mm) for the gold implanted actuators. The new cross section consisting of a single material, which is the PVDF, is presented in the right most cross-section in Fig. 13 .
For the bare actuator (Sample 5) with the dimensions of t 1 = 30 m, and t 2 = 110 m andb 1 = b × n = 3 × 1.624 mm, the area moment of inertia is calculated as I bare = 904.02 × 10 −6 mm 4 . For the actuator with the gold implantation, the other dimensions are the same except t 1 = 29.9 m and t gold = 100 nm (assumed value). The area moment of inertia is calculated as I gold = 3827.6 × 10 −6 mm 4 . I gold > I bare , which explains the stiffening effect of the gold implantation. This increased area moment inertia will create smaller bending stress, which further demonstrates the stiffening effect of the gold implantation, as expressed by the bending stress calculated from:
where the area moment of inertia I is for the new cross section, 'c' is the half of the total thickness, and M is the internal bending moment generated due to the electrochemical process. Because the active layers of both actuators are the same, they are expected to generate the same internal bending moment under the same input voltage.
Electrochemical characterization of gold implanted samples
Autolab PGSTAT12 Potentiostat/Galvanostat equipped with A General Purpose Electrochemical System (GPES) software was employed to form a two electrode cyclic voltammetry, which is a commonly used measurement to characterize the electrochemical behaviour of the actuators. It is normally measured in a threeelectrode setup. However, in this study, it is generated in a two electrode setup to look at the electrochemical behaviour of the actuators-the counter and reference electrodes are short-circuited and connected to one electrode of the actuators, the working electrode to the other electrode of the actuators, like shown in Fig. 3 . The CV scans of some of the actuator samples in Table 1 are shown in Fig. 14 . The scans were generated under −0.8 V to +0.8 V with a range of scan rates (10, 20, 40, 60 , 100 mV/s).
When the shape of a CV scan is close to a rectangle, it indicates a capacitive behaviour. A rectangular-shaped CV is a typical characteristic of an ideal double-layer capacitor, which our actuator structure and operation principle resemble. As shown in Fig. 14 , the ion-implanted actuators behave like a capacitor over a large voltage range, especially when the scan rates are low. This indicates that the actuators capacitively store most of the electrical energy. When the scan rates are higher >60 mV/s, they show a resistive behaviour-most of the electrical energy is dissipated due to the electrolyte resistance, and the movement of ions in and out of the polymer layers. Each scan was repeated at least 10 times. The gold implanted actuators have shown repeatable scans, almost no devi- Fig. 11 . Configurations of an actuator sample (Sample 4) with the dimensions of 12 mm × 3.8 mm × 0.17 mm to evaluate the effect of ion-implantation conditions on the mechanical work output. The top two images are for the same sample with no exposition to the ion-implantation conditions. The bottom two are for the same sample exposed to the ion-implantation condition and then re-wetted with the electrolyte before testing. While the left images are initial configurations, the right images are for the activated configurations. Fig. 13 . Composite structure of a polymer actuator and its equivalent cross section using equivalent width technique. The mechanical properties of the equivalent section with a single material are equivalent to that of the original multi-material structure. ation between the first scan and the last scan for all scan rates. The same consistency was not observed for the bare actuators.
To be able to distinguish the effects due to gold implantation from simply the effect of vacuum on the electrolyte, CV scans of the actuator sample in Table 4 were taken and are presented in Fig. 15 . The charges injected into the actuator before it was exposed to the vacuum (top plot of 60 mV/s, 100 mV/s, respectively. On the other hand, the charges injected into the same sample, but exposed to the vacuum (bottom plot) are 106.3 mC, 95.67 mC, 85.75 mC, and 69.41 mC, respectively, for the same scan rates. The vacuum conditions reduce the charge stored in the actuators. This may be due to the reduced size of the porosities in the actuator. In contrast, the implantation allows for larger charge storage since there are fewer ohmic losses.
Conclusions and future work
We have presented the first experimental results to quantify the effect of gold ion implantation on the actuation performance of ionic-type conducting polymer actuators. The results demonstrate that the conductivity of the actuators increases noticeably, which leads to increased charge injected into the polymer layers, faster time injection, increased mechanical work output, and modified their electrochemical behaviour. Another important finding is that the ion-implantation conditions (vacuum) do have a detrimental effect on the actuator performance, which can be mostly recovered by placing the device in an electrolyte bath. Any residual damage is more than counter-balanced by the improvement brought by the gold ions injected beneath the outer surfaces of the actuators counter. While the gold implanted actuators had a higher mechanical stiffness, and therefore a smaller displacement output, their time constant is smaller, indicating a higher response speed. Future work involves measuring the blocking force, optimizing the gold ion-implantation conditions such as the number of pulses, pulse dosage, a comprehensive investigation on the chemical, electrical and mechanical properties of these actuators and other ionic-type conducting polymer actuators and sensors. It must be noted that the gold implantation is permanent and can be used to make bilayer microactuators, for which the delamination of a gold layer is a significant problem [20, 21] . The gold implantation can also be used to increase the conductivity and the capacitance of super-capacitors based on conducting polymers.
